Despite their small size, C 2 species pose a big challenge to electronic structure owing to extensive electronic degeneracies and multi-configurational wave functions leading to a dense manifold of electronic states. We present detailed electronic structure calculations of C 2 , C − 2 , and C 2− 2 emphasizing spectroscopically relevant properties. We employ double ionization potential (DIP) and ionization potential (IP) variants of equation-of-motion coupled-cluster method with single and double substitutions (EOM-CCSD) and a dianionic reference state. We show that EOM-CCSD is capable of describing multiple interacting states in C 2 and C − 2 in an accurate, robust, and effective way. We also characterize the electronic structure of C 2− 2 , which is metastable with respect to electron detachment.
I. INTRODUCTION
Ironically, the smallest form of neat carbon, the C 2 molecule, features the most complex electronic structure. The complexity stems from the inability of four valence electrons of carbon to form a quadrupole bond (remarkably, the bonding in C 2 is still hotly debated [1] [2] [3] [4] [5] [6] [7] [8] ).
Because the optimal electron pairing cannot be reached, multiple electronic configurations have similar likelihood, leading to a dense manifold of low-lying electronic states. This results in rich spectroscopy: C 2 features multiple low-lying electronic transitions, which have been extensively studied experimentally [9] [10] [11] [12] [13] [14] . Despite a long history of experimental work, C 2 continues to generate interest. For example, recently new band systems have been identified [15] [16] [17] .
Besides obvious fundamental importance, C 2 (and its anionic forms, C − 2 and C
2−
2 ), play a role in combustion 18 , plasma [19] [20] [21] , and astrochemistry 19, 22 . For example, C 2 and C − 2 have been observed in comet tails, protoplanetary nebulae, the atmospheres of stars, and in the diffuse interstellar medium [22] [23] [24] [25] [26] [27] . C 2 is responsible for the color of blue flames 18 . It is also a prominent product of electrical discharges containing hydrocarbons 20 .
From the theoretical point of view, C 2 is arguably the most difficult molecule among homonuclear diatomics from the first two rows of the periodic table. Electronic neardegeneracies lead to multiconfigurational wave-functions. Small energy separations between different electronic states also call for high accuracy. Because of its complex electronic structure, C 2 has been often described as a poster child of multi-reference methodology. The availability of high-quality spectroscopic data, complex electronic structure, and its small size make C 2 a popular benchmark system for quantum chemistry studies [28] [29] [30] [31] [32] . Among recent theoretical studies of the low-lying states of C 2 , the most comprehensive are tour-de-force MR-CISD (multi-reference configuration interaction with single and double excitations) calculations by Schmidt and coworkers 33 and by Szalay and co-workers 34 . In both studies, the effect of basis set and higher-order corrections have been carefully investigated. To correct MR-CISD energies for violation of size-extensivity, Davidson's quadruple correction was used. Szalay and co-workers have also reported results obtained with an alternative strategy, the so-called MR-average quadratic coupled-cluster (AQCC) method. In both studies, the theoretical values of the reported equilibrium distances (r e ) and term energies (T ee ) agreed well with the experimental data.
The anionic forms of C 2 , C − 2 and C 2− 2 , have received less attention. C − 2 is produced in plasma discharge from acetylene 35, 36 . Electronically excited C − 2 has been observed in a carbon-rich plasma via fluorescence 21 . Recently, C − 2 has been proposed as a candidate for laser cooling of anions 37 , which makes these species interesting in the context of quantum information storage. Ervin and Lineberger 38 have measured photoelectron spectrum of C − 2 using 3.53 eV photons; they reported adiabatic electron affinity (AEA) of C 2 to be 3.269±0.006 eV. A similar value (3.273±0.008 eV) has been derived by Neumark and coworkers 39 , who reported vibrationally resolved photodetachment spectra using 4.66 eV radiation. Feller has reported an AEA of 3.267 eV calculated using a composite method based on coupled-cluster (CC) methods 40 .
Because of the highly unsaturated character of C 2 , it has relatively large electron attachment energy so that even the two lowest excited states of C − 2 are bound electronically. In contrast, C 2− 2 is metastable with respect to electron detachment. Its existence has been postulated on the basis of features observed 41, 42 in electron scattering from C − 2 and confirmed by calculations 43, 44 .
In this contribution, we present detailed electronic structure calculations of C 2 , C − 2 , and C 2− 2 , with an emphasis on spectroscopically relevant properties. We employ an alternative methodology based on CC and equation-of-motion CC (EOM-CC) theory [45] [46] [47] [48] [49] . We show that electronic states of C 2 and C − 2 are well described by the double ionization potential (DIP) 50 Mathematically, the EOM-CCSD target states are described by the following ansatz [46] [47] [48] :
where eT 1 +T 2 Φ 0 is the reference CCSD wave function (the amplitudes of the excitation operatorT are determined by the CCSD equations for the reference state) and operatorR is a general excitation operator. In EOM-IP-CCSD,R comprises all 1h (one hole) and 2h1p (two hole one particle) operators 51, 52 , whereas in EOM-DIP-CCSD it includes all 2h and 3h1p
operators. In EOM-EE-CCSD (EOM-CCSD for excitation energies 56 ) and EOM-SF-CCSD (spin-flip EOM-CCSD 57,58 ),R is particle-conserving and includes 1h1p and 2h2p operators (in the SF variant,R changes the number of α and β electrons). In the EA (electron attachment) variant 59 , the operator R is of the 1p and 1h2p type. The amplitudes ofR are found by diagonalization of the similarity-transformed Hamiltonian,H: The success of EOM-CC in treating a particular electronic structure depends on whether a proper well-behaved reference can be found from which the target-states manifold can be reached by an appropriately chosenR 1 . As illustrated in Fig. 2 , the electronic structure of C 2 is best described by EOM-DIP using the dianionic reference state. The DIP method is capable of describing electronic degeneracies beyond two-electrons-in-two-orbitals or threeelectrons-in-three-orbitals patterns 50, 60, 61, [64] [65] [66] [67] [68] , however, its applications are limited by the complications due to the use of the dianionic reference.
Isolated dianions of small molecules are usually unstable with respect to electron detachment and exist only as transient species. 69 In dianions, the competition of long-range repulsion between an anionic core and an extra electron versus stabilizing valence interactions with short-range character leads to a repulsive Coulomb barrier. The extra elec-tron is trapped behind this barrier but can leave the system by tunneling. This is similar to metastable radical monoanions where the extra electron is trapped behind an angularmomentum barrier also affording resonance character. In a computational treatment using a sufficiently large basis, the wave function of a resonance becomes more and more diffuse, approximating a continuum state corresponding to an electron-detached system and a free electron [70] [71] [72] .
Resonances can be described by a non-Hermitian extension of quantum mechanics 73 by using, for example, complex absorbing potential (CAP) 74, 75 . If one is interested in the dianionic state itself, then the CAP-based extension of CC theory can be used 55 . However, in practical calculations using EOM-DIP-CC, the dianionic state just serves as a reference for generating target configurations. Thus, less sophisticated approaches can be used to mitigate complications due to its metastable character. The easiest and most commonly used one is to use a relatively small basis set, such that the reference state is artificially 
where the real and imaginary parts correspond to the resonance position (E res ) and width (Γ). In a complete basis set, the exact resonance position and width can be recovered in the limit of η → 0. In finite bases, the resonance can only be stabilized at finite values of η.
The perturbation due to the finite-strength CAP can be removed by applying first-order deperturbative correction 53, 54 and identifying the special points of η-trajectories at which the dependence of the computed energy on η is minimal. When combined with the EOM-CCSD 
III. COMPUTATIONAL DETAILS
As explained above, we describe the electronic states of C − 2 and C 2 by EOM-IP-CCSD and EOM-DIP-CCSD, respectively, using the dianionic reference (see Fig. 2 ). In realvalued EOM-CCSD calculations, we used the aug-cc-pVTZ basis. In the CAP-augmented CCSD and EOM-IP-CCSD calculations, we used the aug-cc-pVTZ+3s3p and aug-ccpCVTZ+6s6p6d basis sets (the exponents of the additional diffuse sets were generated using the same protocol as in our previous studies 54, 81 ). Two core orbitals, σ 1s and σ * 1s , were frozen in correlated calculations except when employing the aug-cc-pCVTZ basis. In the calculations using aug-cc-pVTZ+3s3p, the CAP onset was set according to the expectation value of R 2 of the triplet UHF wave function of C 2 (at r cc =1.28Å, this gives the following onsets:
In the calculations with aug-cc-pCVTZ+6s6p6d, the CAP onset was set according to the expectation value of R 2 of the dianion computed using CCSD/augcc-pCVTZ (at r cc =1.2761Å, this gives x 0 = y 0 = 2.4Å, z 0 = 3.6Å). First-order correction 53 was applied to the computed total energy and then optimal values of η were determined from these corrected trajectories using our standard protocol 53, 54 . All electronic structure calculations were carried out using the Q-Chem package 83, 84 . The calculations of partial widths were carried out using ezDyson 85 .
IV. RESULTS AND DISCUSSION
A. C 2 Bond length (Å)
Potential energy curves of low-lying singlet and triplet states of C 2 .
equilibrium distances, and term values are summarized in Table I . Table I also For a fair comparison, it is important to stress that the EOM-DIP-CCSD ansatz is very compact and includes only 2h and 3h2p configurations, whereas in MR-CISD+Q and AQCC, the size-extensivity corrections entail contributions of up to quadruply excited configurations. As with other EOM-CCSD methods, perturbative or explicit inclusion of connected triple excitations is expected to significantly reduce the errors. We note that higher excitations can also describe orbital relaxation thus mitigating the effect of an unstable dianionic reference.
To put the results presented in Table I Several studies have also investigated the magnitude of higher-order corrections, with an aim to achieve spectroscopic accuracy 31, 86 . Schmidt and co-workers showed that the inclusion of core-valence correlation combined with scalar relativistic corrections in the framework of MR-CISD+Q brings the spectroscopic constants within 1% from the experimental values 33 . 31 .
Jiang and Wilson have reported similar trends
In addition to the states shown in Table I , we also computed two electronic states, 1 ∆ u and e 3 Π g , which have been recently identified experimentally [15] [16] [17] . The electronic configurations of these states are:
1 . Thus, they cannot be generated by the 2h operator from the dianionic reference and the norm of the 3h1p EOM amplitudes becomes large (≈1). Consequently, the computed term energies are too high. In order to describe these states with the same accuracy as the states dominated by 2h configurations, the EOM-DIP ansatz needs to be extended up to 4h2p operators.
We note that several lowest state of C 2 can also be described by EOM-SF-CCSD using a high-spin triplet reference, e.g., [core]
CCSD/aug-cc-pVTZ, vertical excitation energy from 1 Σ + g to a 3 Π u at r cc =1.2425 of C 2 is 319 cm −1 , to be compared with 1924 cm −1 computed by EOM-DIP-CCSD/aug-cc-pVTZ.
To quantify the bonding pattern in C 2 , we also computed Head-Gordon's index 87 , which characterizes the number of effectively unpaired electrons. For the EOM-SF-CCSD wave function of the ground state of C 2 at equilibrium, n u,nl =0.29. This value indicates that C 2 has substantial diradical character, comparable 63 to that of singlet methylene (0.25) or meta-benzyne (0.26). In other words, there is no support for a quadruple bond, which would be manifested by n u,nl ≈ 0. + g , can also be computed using an alternative EOM-CC scheme, via SF and EA using the high-spin
These calculations yield AEA of 3.44 eV when using UHF triplet reference and 3.42 eV eV when using the ROHF reference. The analysis of the total energies shows that the EOM-EA energy of the anion is very close to the corresponding EOM-IP energy whereas the EOM-SF energy of the neutral state is significantly lower than the EOM-DIP energy. We attribute this to orbital relaxation effects-while the dianionic orbitals are reasonably good for the anion, they are too diffuse for the neutral and the EOM-DIP ansatz with only 2h and 3h1p operators is not sufficiently flexible to account for that. 
. Later, CAP-augmented MR-CISD calculations
44 yielded E res = 3.52 eV and an equilibrium bond length of 1.285Å. Thus, our results confirm the findings of these earlier studies 43, 44 .
The resonance position and width are rather sensitive to the basis set employed, as Table III illustrates. For example, at the equilibrium bond length (r CC =1.28Å), the aug-cc-pVTZ+3s3p basis yields adiabatic E res =3.7 eV and Γ=0.68 eV, whereas the aug-ccpCVTZ+6s6p6d basis produces E res =3.16 eV and Γ=0.25 eV. A distinct stabilization point of the η-trajectory is only obtained using the larger basis set (see We also estimated partial widths corresponding to the three decay channels. Within Feshbach formalism, partial widths of autodetachment can be approximated by the following matrix element 82 :
where Γ c is the partial width corresponding to detachment channel c, ω c and φ Thus, branching ratios x p corresponding to different detachment channels can be estimated as follows:
giving rise to Γ p = x p Γ. Note that the contributions from the degenerate channels (such as Π u ) should be multiplied by the respective degeneracy number (2 for Π-states). The overlap
2 is proportional to the norm of φ d c and is strongly dependent on the energy of the detached electron and the shape of the Dyson orbital. Fig. 7 shows the energy dependence of the computed values of the squared overlap between the normalized Dyson orbitals and the free-electron wave function approximated by the Coulomb wave. As one can see, the overlap values are zero at low detachment energies and increase at higher energies. The trends for the Σ u and Π u channels are very similar, which is not surprising given the similar shape of the respective Dyson orbitals. Fig. 7 immediately suggest that the autodetachment process will be dominated by the channels producing the two lowest states of the anion, Σ g and Π u . Table ? ? lists the computed values using E res =3.41 eV (from EOM-IP-CCSD/augcc-pVTZ). As one can see, the contribution of the Σ u is negligible and the Σ g channel is dominant. When using lower energy value (3.16 eV, from CAP-EOM-IP-CCSD/augcc-pCVTZ+6s6p6d), the contribution from the Σ u channels drops even further while the ratio between the Σ g and Π u channels remains unchanged. Using Dyson orbitals from the CAP-EOM-IP-CCSD/aug-cc-pCVTZ+6s6p6d calculations leads to the increase of the relative weight of the Σ g channel. These simple estimates are in qualitative agreement with partial widths computed using CAP-MR-CISD wave function and an approach based on CAP projection 44 ; their reported values correspond to x p of 0.31, 0.66, and 0.02 for the Σ g , Π u , and Σ u channels. One important difference is that our calculations predict that the dominant decay channel is Σ g , producing the ground-state of C − 2 . We note that using plane wave to describe the state of the free electron yields an entirely different picture: the overlaps are rather large around the threshold and change much slower, resulting in comparable branching ratios for all three channels. Finally, we investigate the dependence of the resonance width on the bond length. As illustrated by Figure 8 , the CAP-CCSD resonance width shrinks with an increasing bond length near the equilibrium distance while it is nearly constant beyond 1.6Å. This is consistent with the potential energy curves of C eV. Also, it is in stark contrast to the performance of CAP-EOM-CCSD based on bound reference states 53, 54 , where the imaginary energies of bound states typically stay below 0.03 eV. We note that application of the de-perturbative correction 53, 54 does not rectify this problem. This is not surprising as the original analysis of E(η) in terms of perturbation theory 75 was designed for resonances but not bound states. Furthermore, the imaginary energies of the three bound states of C − 2 differ by more than a factor of two so that a single, not state-specific, correction is not realistic. However, since a positive imaginary energy is unphysical and since no stabilization of the η-trajectory is observed for the CAP-EOM-IP-CCSD states, the problem is easily discernible. Importantly, despite this shortcoming, CAP-EOM-CCSD calculations using an unstable reference clearly distinguish bound and metastable states.
Experimentally 41, 42 , the C 2− 2 resonance manifest itself as a broad feature around 10 eV in electron scattering detachment spectra from C − 2 , however, the interpretation of these spectra in terms of the position of the resonance is not straightforward, as explained by Sommerfeld and co-workers 43 . We hope that our results will stimulate further experimental efforts to characterize electronic structure of C 2− 2 . a Adiabatic EOM-IP-CCSD/aug-cc-pVTZ energies (eV).
b Overlap (squared) is computed between normalized Dyson orbitals and the Coulomb wave with charge=-1 and kinetic energy corresponding to adiabatic detachment energy.
V. CONCLUSION
We reported electronic structure calculations of C 2 , C 
